Selective autophagy relies on soluble or membrane-bound cargo receptors that recognize cargo and bring about autophagosome formation at the cargo. The cargo-bound receptors interact with lipidated ATG8 family proteins anchored in the membrane at the concave side of the forming autophagosome. The interaction is mediated by 15-to 20-amino-acid-long sequence motifs called LC3-interacting region (LIR) motifs that bind to the LIR docking site (LDS) of ATG8 proteins. In this review, we focus on LIR-ATG8 interactions and the soluble mammalian selective autophagy receptors. We discuss the roles of ATG8 family proteins as membrane scaffolds in autophagy and the LIR-LDS interaction and how specificity for binding to GABARAP or LC3 subfamily proteins is achieved. We also discuss atypical LIR-LDS interactions and a novel LIRindependent interaction. Recently, it has become clear that several of the soluble cargo receptors are able to recruit components of the core autophagy apparatus to aid in assembling autophagosome formation at the site of cargo sequestration. A model on phagophore recruitment and expansion on a selective autophagy receptor-coated cargo incorporating the latest findings is presented.
Introduction
The term autophagy describes a set of lysosomal degradation pathways of cytoplasmic components ranging from single proteins to large organelles, like mitochondria and parts of the endoplasmic reticulum (ER) [1] . Although there are several variations over the theme, we usually define the different pathways as macroautophagy, microautophagy and chaperone-mediated autophagy. Chaperone-mediated autophagy is in principle a selective process where single polypeptides are recognized as unfolded/ misfolded when exposing binding sites (degenerate KFERQ-like pentapeptide motifs) for heat shockcognate protein of 70 kDa (Hsc70) [2] . Microautophagy can be both unselective and selective and involves the direct uptake of cytoplasmic material by lysosomes or endosomes, either by invaginations or by protrusions of their limiting membrane [3, 4] . In this review, we focus on the role of cargo receptors and LC3 interaction region (LIR) motifs in selective macro-autophagy. For the sake of simplicity, we will in the following refer to macroautophagy as autophagy.
The core machinery required for autophagosome formation is largely conserved from yeast to man [5] [6] [7] [8] . In vertebrates, the core autophagy components can be grouped into five functional complexes including the ULK protein kinase complex with ULK1 and -2, ATG13, ATG101 and FIP200 (also called RB1CC1); the class III phosphoinositide 3kinase (PI3K) complex I, with VPS34, VPS15, Beclin 1 and ATG14; the phosphatidylinositol-3-phosphate (PI3P)-binding ATG2A or -B and WIPI1-4 complex; and the two ubiquitin-like (UBL) conjugation systems with ATG5-ATG12 and mammalian ATG8 proteins conjugated to phosphatidylethanolamine (PE) with ATG7 acting as E1 in both conjugation pathways, ATG10 as E2 in the ATG5-ATG12 pathway and ATG3 as E2 in the ATG8-PE pathway where the ATG5-ATG12:ATG16L1 complex acts as an E3 ligase. The four ATG4A-D cysteine proteases, with ATG4B as the dominant acting one, process the precursors of ATG8 proteins so they can become lipidated and also delipidates them. Finally, ATG9 is the only integral membrane protein essential for autophagy.
In yeast, the autophagosomes are born at a single site close to the vacuole (the yeast lysosome) called the phagophore assembly site (PAS) where the complexes of the core autophagy apparatus congregate [9] . In mammals, autophagosomes are generated at multiple sites and the membrane sources for phagophore generation are also several, including ER as the likely main source, with Golgi, recycling endosomes and the [142, 143, [176] [177] [178] Ub-independent Mitophagy Mitochondria NIX, BNIP3, FUNDC1, Bcl2L13, FKBP8, PHB2, NLRX1, AMBRA1, cardiolipin, ceramide [58, 73, 101, 102, 177, [179] [180] [181] [182] [183] Ub-dependent Pexophagy Peroxisome NBR1, p62 [139, 184] Lysophagy Lysosome TRIM16, NDP52 [116, 152] [153, 193, 194] Fig. 1 . Main functions of ATG8-LIR interactions in autophagy. GABARAP lipidated to the rim and outer surface of the phagophore facilitates phagophore growth by recruiting core autophagy proteins via LIR motifs (1) . The LIR-dependent interaction of ATG8s like LC3B or LC3C, lipidated to the inner surface of the phagophore, to SARs is essential for the docking of cargo to the growing phagophore (2) . LC3B or GABARAP lipidated to the closed autophagosome facilitates autophagosome fusion (3) or transport (4) , respectively, by recruiting essential proteins like PLEKHM1 (3) or FYCO1, JIP1 (4) via LIR motifs. LIR interactions with unlipidated ATG8s may also play a regulatory role. ATG4 proteases uses a LIR to interact with the unprocessed ATG8 proforms, and after processing unlipidated GABARAP and GABARAPL1 are stabilized by their LIR interaction with ATG4B (5) . The centriolar satellite protein PCM1 also stabilizes a pool of unlipidated GABARAP. The LIR interaction of unlipdated GABARAP with ULK1 is essential for activation of ULK1 in response to starvation (5) . plasma membrane as other sources [10] . The ULK1 complex with formation of FIP200-and ATG13-positive punctae can be considered a mammalian equivalent of PAS, mPAS [5] . It was recently shown that Syntaxin 17 (Stx17) phosphorylated on a certain Ser residue (S202) by Tank-binding kinase 1 (TBK1) translocates from Golgi to mPAS and controls formation of the FIP200and ATG13-positive mPAS structures upon starvation in mammalian cells [11] .
Although suggested earlier by de Duve (see review by Kirkin in this issue), the first strong evidence that autophagy acted selectively came from studies on the degradation of peroxisomes in yeast [12] and mitochondria in mice [13, 14] . The concept of selective autophagy receptors (SARs) acting as cargo receptors was importantly fueled by the discovery of Atg19 acting as a selective receptor for targeting aminopeptidase I to the vacuole in the yeast biosynthetic cytoplasm to vacuole (Cvt) pathway [15, 16] . The discovery of human p62/ SQSTM1 (sequestosome-1) as the first bona fide SAR [17, 18] initiated a race to discover mammalian SARs resulting in the identification of two broad groups of SARs: the soluble and the membranebound cargo receptors (see Table 1 ). SARs use their LIR motifs to interact with ATG8 family proteins attached to the inner membrane surface of the phagophore to ensure encapsulation of the cargo [19, 20] (Fig. 1) . In yeast and plants, the term ATG8interacting motif (AIM) is also often used. In this ) and the complex of GABARAPL1 with the ATG14 LIR peptide (PDB: 6HOL; C-E). In panels A-C, α-helices are red; β-sheets, yellow; and loops, green. The side chain of the aromatic W435 residue dives into the HP1 (hydrophobic pocket 1) and the aliphatic side chain of L438 is buried in HP2. Basic residues in the LDS of GBARAPL1 are colored blue. D434 and E436 engage in electrostatic interactions with K48 and R67, respectively. Figures were prepared using PYMOL (http://www.pymol.org). review, we focus on the soluble mammalian SARs and LIR-ATG8 interactions. Before discussing the soluble SARs further, we will first consider the ATG8 family proteins and the LIR motif interactions.
ATG8 Family Proteins: Membrane Scaffolds and Tickets to the Lysosome
ATG8 proteins belong to a larger group of small UBL modifiers. They share the UBL fold. However, compared to ubiquitin, ATG8 proteins have two extra N-terminal α-helices ( Fig. 2A and B ). ATG8 proteins are expressed as cytosolic precursors that become processed at a C-terminal Gly residue by ATG4 proteins and conjugated to PE by the two conjugations systems involving ATG7, ATG10, ATG3, ATG5, ATG12 and ATG16 [5] . The lipidated (PEconjugated) ATG8 proteins are anchored in the inner and outer membranes of the double membrane of the phagophore. The lipidation is reversible as ATG4 proteins can release the ATG8s from the membranes by cutting off the PE at the C-terminal Gly residue [21] .
The lipidated ATG8 proteins act as adaptors or scaffolds for recruitment of LIR-containing proteins to both surfaces of the growing phagophore [22] . This way, they serve four main functions in autophagy ( Fig. 1 ). One is membrane scaffolding of LIRcontaining core autophagy components including ULK1, -2, ATG13 and FIP200 in the ULK1/2 complex [23] ; VPS34, ATG14 and Beclin 1 in the class III PI3K complex I [24] ; the ATG4B protease processing ATG8s [25] ; and ATG12-ATG5 [26] to the rim and outer (convex) surface of the phagophore. Also in yeast, several of the core autophagy proteins are known to bind to Atg8 via LIR (AIM) motifs [27, 28] . The main purpose of the interactions is presumably to scaffold and stabilize the binding of core autophagy proteins to the growing phagophore. The recently reported GABARAP interaction with ATG2A and -B is required for efficient phagophore closure [29] . A second function of lipidated ATG8 proteins is the LIR-dependent attachment of SARs (with our without cargo) to the inner (concave) surface of the phagophore [19, 20] . Third and fourth, as discussed below, ATG8 proteins have also important roles in fusion of autophagosomes with lysosomes and in the transport of autophagosomes (for a recent review, see Ref. [30] ).
In yeast, the single ATG8 protein is essential for phagophore expansion [31] . During the emergence of multicellular animals, two ATG8 subfamilies arose, the MAP1LC3 (microtubule associated protein 1 light chain 3) and GABARAP (GABA type A receptor-associated protein) subfamilies [32, 33] . MAP1LC3 is usually referred to as LC3. The human ATG8 family proteins are encoded by seven genes expressing LC3A (two alternatively spliced isoforms with different N termini), LC3B, LC3B2 (only one amino acid differs from LC3B), LC3C, GABARAP, GABARAPL1 (GABARAP like 1) and GABARAPL2 [32] . Evolutionary analyses show that while LC3A-LC3B and GABARAP-GABAR-APL1 originated from the same node, LC3C and GABARAPL2 (also called GATE-16) are in separate clades [33] . Some animal lineages have subsequently lost members so that i.e. Caenorhabditis elegans and Drosophila have only two ATG8s. Careful imaging studies performed by Mizushima's group revealed that autophagosomes do form and can fuse with lysosomes in cells knockout (KO) for the conjugation machinery (ATG7-, ATG5-and ATG3 KO cells). However, the flux is severely suppressed for both selective and nonselective autophagy in ATG conjugation-deficient cells that cannot lipidate ATG8s [34] .
GABARAP and LC3 subfamilies: redundancy or specialization?
The evolutionary expansion of ATG8 proteins from yeast to man raises the question of redundancy versus functional specialization and diversification of mammalian ATG8 proteins. Nguyen et al. [35] used CRIPSR/CAS9 to KO all ATG8 family proteins in human HeLa cells. Interestingly, this study showed that ATG8 proteins are not essential for autophagosome formation but essential for autophagosomelysosome fusion. KO of ATG8s resulted in smaller autophagosomes and a slowed initial rate of autophagosome formation. Also, the kinetics of autophagosome maturation are severely affected making the entire process very inefficient without functional ATG8 proteins [35] . Rescue experiments showed the GABARAP subfamily members to be more efficient in rescuing mitophagy and starvationinduced autophagy than LC3 subfamily members. A similar KO study from Wade Harper's group underscored the vital roles for GABARAP subfamily members in selective autophagy and found that LC3 subfamily members were not able to support all steps in selective autophagy [36] . Previously, siRNA-mediated knockdown experiments of human ATG8 family members performed by Engedahl's group revealed that autophagic bulk sequestration of cytosolic cargo is independent of LC3 but requires GABARAPs [37] . The dominant role of GABARAP subfamily proteins is consistent with yeast Atg8 being most homologous to human GABARAP and GABARAPL1. Also, the C. elegans GABARAP homolog, LGG-1, is required for autophagosome formation whereas loss of the LC3 homolog, LGG-2, only leads to formation of smaller autophagosomes [38] . It has also been reported that LGG-1 acts upstream of LGG-2, which is interacting with the HOPS complex to facilitate fusion with the lysosome [39] . An early study from Elazar's group, based on siRNA-mediated knockdown of ATG8 family members in HeLa cells, concluded that while both LC3 and GABARAP subfamily proteins are indispensable for efficient autophagy, LC3s are involved in elongation of the phagophore membrane, whereas the GABARAP subfamily is essential for a later stage in autophagosome maturation [40] .
Early and late roles of GABARAPs
The central role of GABARAP proteins is also underscored by the fact that the LIR-containing core autophagy components, ULK1, -2, ATG13, FIP200 [23] , VPS34, ATG14, Beclin 1 [24] , ATG2A and -B [29] , and ATG4B [25] , bind preferentially to GABARAP. A recent study using knock-in mutations of the LIR motif of ULK1 and reconstitution of ATG13 KO cells with WT and LIR mutant constructs show that binding of GABARAP to both ULK1 and ATG13 is important for the activity of ULK1 and autophagosome formation. These interactions likely play a cooperative role to achieve optimal activation of ULK1 [41] .
The KO studies mentioned above show that lack of GABARAP subfamily proteins leads to serious defects in autophagosome-lysosome fusion [35, 36] . GABARAPs recruit the phosphatidylinositol-4-kinase PI4KIIα to autophagosomes, and PI4P generation on autophagosomes is critically important for fusion with lysosomes [42] . It is not known if this recruitment is LIR dependent. Fusion of the outer membrane of the autophagosome with lysosomes requires Rab GTPases, tethering factors, soluble Nethylmaleimide-sensitive-factor attachment receptors (SNAREs) and other auxiliary proteins. Tethering factors bring together the membranes that are to fuse, bind to SNAREs and promote fusion. SNAREs connect the membranes that are to fuse by assembling into four α-helix bundles. The large multidomain scaffold protein and RAB7 effector pleckstrin homology domain containing protein family member 1 (PLEKHM1) interacts with the homotypic fusion and protein sorting (HOPS) tethering complex to mediate autophagosomelysosome fusion. PLEKHM1 binds preferentially to GABARAP subfamily proteins in a LIR-dependent manner [43, 44] (Fig. 1 ). PLEKHM1 also binds to the two GTPases RAB7 and ARL8B to mediate fusion [43, 45] .
Another RAB7 effector is EGP5, which binds to LC3 via two LIR motifs and also interacts with assembled STX17-SNAP29 to stabilize and assemble trans-SNARE proteins to facilitate autophagosome-lysosome fusion [46] . The SNARE syntaxin-17 (STX17) is acting both early in autophagosome formation and in autophagosome-lysosome fusion [11, 47] . STX17 binds to both ATG8s and the small GTPase IRGM, which also binds to ATG8s. The resulting complex is efficiently translocated to autophagosomes [48] . STX17 binds to ATG8s through a LIR motif within the SNARE domain, while IRGM binds to ATG8s via a LIR-independent mode independent of the LDS [48] . Acting late in the fusion between autophagosomes and lysosomes, STX17 recruits the cytosolic SNARE SNAP-29. The complex is stabilized by homo-oligomeric ATG14 acting as a tether that also primes the STX17-SNAP29 binary t-SNARE complex on autophagosomes for VAMP8 interaction to promote autophagosome-endolysosome fusion [49] . ATG14 was recently shown to bind to GABARAPs via a LIR motif close to its C-terminal, membrane binding amphipathic α helix domain [24] . This interaction is important early during autophagosome formation, but may perhaps also play a role at the fusion step too. After catalyzing fusion, SNAREs are disassembled by N-ethylmaleimide-sensitive factor (NSF) acting together with the cofactor alphasoluble NSF attachment protein (α-SNAP). GABARAP is known to bind to NSF [50] , and may perhaps recruit NSF and α-SNAP to autophagosomes to mediate the SNARE disassembly after fusion.
Regulatory role of unlipidated GABARAP
Studies from the group of Sharon Tooze show that GABARAP is associated with ULK1 independent of lipidation and nutrient starvation. The two Golgi proteins WAC and GM130 bind to the unlipidated pool of GABARAP and regulate its subcellular localization. GM130 inhibits autophagy by tethering GABARAP to the Golgi. WAC counteracts this inhibitory interaction during starvation allowing GABARAP to translocate to the centrosome [51] . The archetypal centriolar satellite protein PCM1 recruits GABARAP, not LC3B, to the centrosome via a LIR motif that preferentially binds to GABARAP [52, 53] . Upon starvation, GABARAP is then transported to mPAS. Activation of ULK1 by GABARAP requires the LIR motif. Knockdown of GABARAP specifically attenuates ULK1 activation [51] . PCM1 binds to the centriolar satellite E3 ligase MIB1 and can this way also regulate GABARAP stability [51, 52] . Taken together, this work suggests that unlipidated GABARAP regulates phagophore expansion by activating the ULK complex. There are also pools of unlipidated GABARAP and GABAR-APL1 bound to ATG4B in the cell [25] (Fig. 1 ). Direct binding of ATG4B to GABARAP and GABARAPL1, depending on a C-terminal LIR motif, is important for maintaining these diffusely localized pools [25] . Further studies are needed to elucidate the interplay between the centrosomal and diffusely located pools of GABARAP and GABARAPL1 and how this impacts on regulation of autophagosome formation.
LC3 for transport and selective autophagy
As the full name suggests, microtubule-associated protein light chain 3 (MAP1LC3) was first identified as a new light chain for MAP1 [54] . Consistent with a role in transport of autophagosomes along microtubules, LC3A and -B interact via a LIR motif with the Rab7 effector FYVE and coiled coil domain-containing 1 (FYCO1) [55] (Fig. 1 ). FYCO1 is involved in facilitating kinesin-dependent plus-end movement of autophagosomes and late endosomes [56] . Neurons require long distance transport of autophagosomes along axons to the cell body where most of the lysosomes reside. The JNK-interacting, motor scaffold protein JIP1 promotes both plus-end and minusend transport. Binding of LC3B to a LIR motif in JIP1 promotes a phosphorylation-dependent switch within JIP1 to promote transport of autophagosomes to the perinuclear region [57] (Fig. 1 ). An intact LIR motif in JIP1 is required for efficient autophagosome-lysosome fusion in neurons [57] .
To summarize, LIR-containing proteins involved in autophagosome formation, that is, the core autophagy proteins, interact with a GABARAP subfamily member (presumably GABARAP) on the surface or rim of the growing phagophore. LIR proteins involved in the fusion step similarly have preference for the GABARAP subfamily. Most of the LIR-containing proteins with preference for LC3 are either proteins involved in transport of autophagosomes like FYCO1 or JIP1, or SARs using LC3 family members in their selective autophagy process. The majority of identified SARs can bind to LC3 subfamily members [22] . As discussed below the LC3 subfamily is essential in many selective autophagy processes. However, some SARs have a preference for members of the GABARAP subfamily, for example, NIX that interacts with GABARAPL1 to induce mitophagy [58] .
The Tectonin β-propeller containing protein 2 (TECPR2) is a LIR-containing ATG8 interactor binding to SEC24D and to LC3C to regulate ER exit sites and ER export enabling efficient autophagosome biogenesis [59] . Functional ER exit sites are needed for phagophore formation. A mutation in TECPR2 gives rise to the neurodegenerative disease hereditary spastic paraplegia and patient cells show reduced SEC24D and defective ER export [59] .
LIR-ATG8 interactions: viruses and bacteria do it too
LIR-ATG8 interactions are not only found in vertebrates, invertebrates, fungi and plants, but also in viral and bacterial proteins. So far only a few cases are known. The cytoplasmic tail of influensa A virus M2 protein contains a conserved LIR motif binding directly to LC3. The M2 LIR is required for LC3 redistribution to the plasma membrane in virus-infected cells and important for filamentous budding and virion stability [60] . A number of viral proteins also contain LIR motifs that need to be tested for functionality [61] . Legionella pneumophila, a common cause of community and hospital-acquired pneumonia, inhibits autophagy by injecting the RavZ cysteine protease into the host cell. RavZ binds to lipidated ATG8s via a LIR motif, extracts LC3-PE from the membrane and irreversibly deconjugates lipidated ATG8 family proteins [62] . Likely, more will be learned in the future about LIR-ATG8 interactions employed by viruses and intracellular bacteria to combat and subvert the autophagy pathway.
LIR-ATG8 interactions occur also outside autophagy
It should be mentioned that ATG8 family also engage in interactions with LIR-containing proteins in non-autophagic processes too [63, 64] . For example, the adapter proteins KBTBD6 and -7 of the Cullin-3 E3 ligase contain LIR motifs binding to GABARAP for membrane targeting of the E3 ligase complex enabling regulation of RAC1 signaling via local regulation of the abundance of the guanine exchange factor TIAM1 [65] . Another example is provided by the giant ankyrin-G which promotes GABAergic synapse stability through opposing endocytosis of GABA A receptors. This requires a super-strong LIR-GABARAP interaction of ankyrin-G with K D in the lower nanomolar range [66] .
A large majority of ATG8 interactions with other proteins involved in autophagy are mediated by one or more LIR motifs in the interacting protein [22] . Hence, the LIR motifs and interactions, particularly with cargo receptors, are discussed next.
The LIR-LDS Interaction
The LIR motif was originally mapped to a 22residue sequence of p62 containing an evolutionarily conserved motif where both electrostatic interactions mediated by three consecutive Asp residues (DDD) followed by the hydrophobic Trp (W) residue were important for binding to LC3B [18] . The structures of p62 and yeast Atg19 peptides bound to LC3B and yeast Atg8, respectively, then revealed a W-x-x-L motif (x is any amino acid) where the aromatic residue and the hydrophobic Leu (L) residue docked into two hydrophobic pockets (HP1 and HP2) in the LIR docking site (LDS) of LC3B and Atg8 [67, 68] . Further structure studies using isolated LIR peptides bound to ATG8 proteins or LIR peptides expressed as N-terminal extensions of ATG8 proteins showed that LIRs usually bind as an extended β-sheet to the LDS [22, 69, 70] . The LDS is a crevice formed by the N-terminal arm and the UBL domain of the ATG8s harboring the two hydrophobic pockets ( Fig. 2C-E) .
In addition to the vital structure data from complexes of LIR peptides with ATG8 proteins or LIR peptide-ATG8 chimeras, our present knowledge of the important sequence features of the LIR motifs come from mutation analyses, combined with binding assays including two-dimensional peptide arrays (i.e., Ref. [71] ). Hence, the so-called canonical LIR sequences consist of the core motif [W/F/ Y] 0 -X 1 -X 2 -[L/V/I] 3 where positions X 0 and X 3 are absolutely conserved (Fig. 3A) . The core motif is flanked by N-and C-terminal sequences that also contribute both to binding affinity and specificity (see HP1 and HP2 indicate the residues docking into the two respective hydrophobic pockets. (B) LIR motif sequences of components of the basal or core autophagy machinery. The sequence logos were made using WebLogo 3.6.0 [195] . below). The residues at positions X -1 to X -3 immediately N-terminal to the core LIR are very often acidic Asp (D) or Glu (E), or Ser (S) or Thr (T) residues that can become phosphorylated ( Fig. 3A ). Inspection of sequence logos based on 100 canonical LIR motifs shows that only a minority (10) contain Tyr (Y) at the absolutely conserved aromatic [W/F/Y] 0 position, 42 contain Trp (W) and 48 have Phe (F) at this position. W in the HP1 binds more strongly than F and Y. Changing Y for W in the NBR1 LIR increased binding affinity 7.5-fold [72] . The X 1 and X 2 positions within the core LIR are most often populated by acidic or hydrophobic residues, with the X 2 position being the most promiscuous sometimes allowing basic residues as well. A relatively high frequency of acidic residues both N-terminal, within and C-terminal to core LIR, is reflected by the fact that the LDS has a generally basic surface surrounding the deep hydrophobic pockets HP1 and -2 ( Fig. 2D-E) . Although a few important exceptions exist, basic residues (R and K), as well as P and G residues, are usually not found in the X 1 and X 2 positions of the core LIR. The selection against G and P, which will interfere with the β-sheet structure of the core LIR and against the basic K and R residues, is also corroborated by two dimensional peptide array mutation analyses [23, 24, 53, 55, 73] .
As noted above, in the first study describing the LIR [18] , the importance of acidic residues immediately preceding the core LIR was shown. Since then, structural studies have documented that these Nterminal acidic residues engage in electrostatic interactions with basic residues in the LDS of GABARAP and LC3 proteins [22, 53, 69, 70] . However, due to the understandable focus on the core LIR signature, there is unfortunately a tendency to ignore the importance of the sequences immediately flanking the core LIR motifs, particularly C terminal to the core LIR. This may perhaps have been strengthened by the fact that one of the first LIR-LDS structures published was that of yeast Atg19-Atg8, and Atg19 has the core LIR WEEL at its extreme C terminus [68] . However, from recent structural analyses, it has become clear that a number of ATG8 interacting proteins contain C-terminal extended LIRs important for binding strength and specificity. This is the case for the human autophagy adapter ALFY (WDFY3) [74] , FYCO1 [55, 75, 76] , giant ankyrin-B (AnkB) and -G (AnkG) as well as the ERphagy receptor FAM134B [77] . Very recently, Wirth et al. [53] showed that also ULK1 and ATG13 LIRs have Cterminally extended LIRs important for specifying their preference for binding to GABARAP and GABARAPL1. Hence, when analyzing LIR motifs, it is important to consider that some LIR sequences may extend 5-6 residues N-terminal and 9-10 residues C-terminal to the core LIR, making the entire LIR about 20 amino acids long. This is particularly important for structure and affinity stud-ies to avoid that too short LIR peptides are being used in the experiments. For the C-terminally extended LIRs of the AnkB, AnkG, FAM134B and FYCO1, an amphipathic α-helix immediately Cterminal to the core LIR stabilizes the binding. For FYCO1, this is a very short one-turn helix whereas for the ankyrins and FAM134, the helix has 3 helical turns and is 10 amino acids long [77] . This vastly stabilizes the LIR-LDS interaction. This is reflected in super-strong binding affinities. AnkB binds to all ATG8s with K D s from 0.2 to 10 nM, and FAM134B binds to GABARAP with a K D of 0.27 nM [77] . The binding affinities measured for LIR peptides bound to ATG8 proteins using isothermal calorimetry, NMR or biolayer interferometry generally lie in the lower micromolar range for most LIR-LDS interaction [44, 53, 72, 78] .
LIR-LDS specificity determinants for binding to GABARAP or LC3 subfamily proteins
The existence of seven human ATG8 proteins prompts the question about redundancy versus selectivity in binding of different LIR-containing proteins to the different family members. This is of course linked to the question about redundant versus specific functions of the different ATG8 proteins. From the published literature, it is clear that most LIR-containing proteins bind best to GABARAP and GABARAPL1. Some bind almost exclusively to GABARAP family proteins, and a minority show preference for binding to LC3 family proteins [23, 24, 44, 55, 65, 73, 74] . It has been a longstanding goal to elucidate which factors determine binding preference. A recent study focused on the core LIR motif and derived a consensus sequence [W/F] 0 -[V/I] 1 -X 2 -V 3 for GABARAP interaction motifs (GIMs) [44] . Although many LIR-containing proteins binding preferentially to GABARAP do not have the Val or Ile at position X 1 or Val at position X 3 , the study clearly show that specificity determinants may reside within the core LIR motif. The LIRs of components of the core autophagy apparatus bind preferentially to GABARAPs (Fig. 3B ). This includes the LIRs in ULK1/2, ATG13 and FIP200 of the ULK1 complex [23] , VPS34, Beclin-1 and ATG14 in the PI3KC3 complex 1 [24] , and ATG2A and -B [29] . ATG4B also binds most strongly to GABARAP [25] . Very recently, Wirth et al. [53] used structure solution by x-ray crystallography, mutational analyses and affinity measurements of the ULK1, ATG13 and PCM1 LIRs in complex with GABARAP to show that specificity is determined both by residues within the core LIR and the flanking C-terminal region in combination with ATG8 subfamily-specific residues in the LDS. ULK1, ATG13 and PCM1 conform to the GIM consensus. However, not all GABARAP-specific LIRs possess a GIM. As exemplified with ULK1 and ATG13, hydrogen bonds and hydrophobic contacts of residues C-terminal to the core LIR motifs (positions X 4 -X 10 ) are important for strong binding to GABARAP and involve residues, which are not conserved between LC3 and GABARAP subfamily proteins. Positions X −3 , X 2 , and X 4 within the ULK1 LIR motif are instrumental in regulating selective binding to GABARAP over LC3 subfamily proteins [53] . The ULK1 LIR binding to GABARAP and GABARAP-L1 with K D s of 50 and 48 nM, respectively, is the strongest reported for any autophagy protein. The ATG13 LIR binds with 10fold higher K D s. This can be explained by ULK1 residues X 7 and X 8 having hydrophobic interactions with GABARAP LDS residues missing in the ATG13 LIR-GABARAP complex. As mentioned earlier, basic residues (K and R) are unusual in LIR motifs and selected against. However, for the PCM1 LIR, the GABARAP preference is achieved by a K residue at position X 2 of the core LIR, which prevents binding to LC3 subfamily proteins but can be tolerated by GABARAP. Replacing the K by I dramatically increased binding to LC3 subfamily members and also increased binding to GABARAP [53] .
In conclusion, specificity may be determined both by residues within the core LIR and the flanking Nand C-terminal region in combination with ATG8 subfamily-specific residues in the LDS.
Atypical LIR-LDS interactions
Not all LIR sequences show the canonical core LIR consensus. Some do not have the aromatic W/F/ Y 0 residue, whereas others lack the hydrophobic L/ V/I 3 residue. The first atypical LIR reported is the socalled C-type LIR (CLIR) in NDP52/CALCOCO2 binding strongly and specifically to LC3C [79] . The CLIR with the core sequence ILVV lacks the aromatic residue that binds in HP1 so that only HP2 of the LDS is bound. The lack of the aromatic residue is compensated by the LVV making other hydrophobic contacts with the LDS of LC3C. If I is mutated to W, HP1 is engaged and NDP52 binds to all human ATG8s losing the specificity for LC3C [79] . The most closely related SAR TAX1BP1 has M instead of I, and this enables interaction with LC3B, LC3C, GABARAPL1 and GABARAPL2 [80] . Examples of LIR-LDS interactions where only the aromatic HP1 pocket is engaged have also been reported. Bcl-2 binds to HP1 of GABARAP with an atypical LIR in Bcl-2 with the core sequence EW 30 D lacking the hydrophobic residue at position X 3 [81] . W 30 sits in HP1 and the binding constant for binding to GABARAP is 25 μM. Furthermore, TRIM5α has a similar core LIR, DW 196 E interacting with both LC3 and GABARAP subfamily members [82] . This "half LIR" is projected on the α-helical coiled coil region of TRIM5α, with W 196 protruding into the large hydrophobic pocket HP1. HP2 is not filled but has a Q residue hovering above it [83] . This structural study expands the range of LIR motifs to include α-helical binding motifs. The binding affinity is not very strong with K D s of about 100 and 78 μM for LC3B and GABARAPL1, respectively [83] . However, TRIM5α forms a dimer due to the coiled coil and can bind two ATG8 molecules. This will greatly increase the binding strength.
UBA5 (ubiquitin like modifier activating enzyme 5), the E1-like enzyme for the UBL UFM1 (ubiquitin fold modifier 1), has a composite LIR/UFIM (UFM1 Interaction Motif). This motif, WGIELV, is distinct from known LIR motifs and binds both to the substrate of UBA5, UFM1, and ATG8 proteins with a clear preference for GABARAPs [84] . Structural studies show that the unique LIR of UBA5 binds to the two hydrophobic pockets with the Ile (I) residue occupying HP1 and the Val (V) placed in HP2. However, in addition, the conserved Trp (W) residue N-terminal of the LIR core sequence binds into a novel hydrophobic pocket on the surface of GABARAP proteins termed HP0 [85] . Large rearrangements of key residues including the side chains of the invariant gate-keeper residue K46 and the adjacent K/R47 in GABARAP proteins allow this mode of binding expanding the LDS to three hydrophobic pockets. K/R47, corresponding to T50 in LC3A-C, is the key residue determining specific binding of GABARAP proteins to UBA5 [85] .
Regulation of the LIR-LDS interactions
Only a limited number of LIR-LDS interactions have been analyzed for effects of post-translational modifications. However, it is clear that positive regulation by phosphorylation, usually at residues N-terminal to the core LIR motif occurs. This creates new electrostatic interactions to basic residues in the LDS. Phosphomimicking mutant studies show that such mutants (S or T to D or E) bind more strongly. For example, phosphomimicking E mutations of two known ULK1 phosphorylation sites N-terminal to the core LIR of VPS34 increased the binding to GABARAP by 17-fold [24] . Similarly, phosphomimicking E mutation of a predicted ULK1 phosphorylation site in the LIR of Beclin1 also increased the binding to GABARAP [24] . Positive regulation by phosphorylation is shown for the LIR motifs of several SARs involved in mitophagy, including NIX, BNIP3 and FUNDC1 [78, 86, 87] . The motifs in NIX, BNIP3 and FUNDC1 are all positively regulated by phosphorylation of position X -1 relative to the core LIR motif. FUNDC1 induces mitophagy in response to hypoxia and has a LIR motif that is both positively and negatively regulated by phosphorylation. Under hypoxia, the LIR motif is activated by ULK1 phosphorylating S17 in position X -1 [87] . Under normoxia, the aromatic Y18 residue in the core motif (Y 18 EVL) is phosphorylated by Src and the upstream residue S13 by CK2, and this has a negative effect on the binding [87] . TBK1 is an essential kinase in selective autophagy, and among its autophagy substrates are p62, OPTN, STX17 and RAB7A [11, [88] [89] [90] . However, the only LIR motif shown to be regulated by TBK1 so far is the motif in OPTN, activated by a phosphorylation of S177 in position X -1 relative to the core LIR [90] . Much less is known about regulation of the LDS in ATG8 proteins by post-translational modifications, but the T50 residue in the region surrounding the LDS in LC3B is phosphorylated by STE20-like kinases (STK) 3 and 4 [91] . Two residues in the same region (K49 and K51) are also acetylated in the nucleus by p300 to inhibit its association with autophagy proteins. Export from the nucleus in response to starvation depends on deacetylation by SIRT1 [92] .
Most in vitro binding studies with ATG8 proteins are performed with soluble, unlipidated ATG8s. However, in cells, most of the functionality of ATG8 proteins are connected to their membrane-bound PE-conjugated form. We know presently very little about differential binding preferences between the unlipidated, soluble and the membrane-bound lipidated forms. However, a recent study of mammalian ATG4A-D proteins shows that they are completely dependent on the C-terminal LIR motif for delipidation of ATG8 proteins [93] . A model is proposed where ATG4B effectively primes the ATG8 proteins, cleaving the soluble forms in a LIR-independent manner, whereas delipidation is an inherently slow and completely LIR-dependent process than can be performed by all ATG4 homologs [93] . More studies like this, addressing the binding to lipidated ATG8s, are required to determine if there are distinct regulatory mechanisms acting on these interactions in cells.
LIR-Independent ATG8 Interactions: The UIM-UDS Interaction
It has been known for some time that some proteins bind to ATG8 proteins in an LIR-LDSindependent manner [94] [95] [96] . The proteasomal ubiquitin receptor, RPN10, was shown by the Vierstra group to act as a cargo receptor for autophagic degradation of the proteasome in Arabidopsis [96] . RPN10 does not contain a LIR but interacts with ATG8s. Very recently, the same group reported that RPN10 and a group of other ATG8interacting proteins exploit ubiquitin-interacting motif (UIM)-like sequences for high-affinity binding to an alternative ATG8 interaction site called the UIMdocking site (UDS) [97] . The UDS is on the other side of the ATG8 molecule relative to the LDS (Fig.  4) . The presence of two well-separated binding surfaces in ATG8 proteins enables simultaneous binding of a LIR-containing protein to the LDS and a UIM-containing protein to the UDS (Fig. 4 ). This was demonstrated by simultaneous binding of Arabidopsis RPN10 to the UDS and DSK2 to the LDS of ATG8e [97] .
The UIM domains are about 20-amino-acid-long amphipathic α helical domains first found in RPN10/ S5a and subsequently in deubiquitinating enzymes USP28 and ataxin-3, proteins involved in endocytosis such as Vps27/Hrs, STAM and EPS15, as well as in the DNA repair protein RAP80. The UIM domain binds to the hydrophobic I44 patch of ubiquitin [98] . Isothermal calorimetri measurements showed the K D values to be in the lower micromolar range for the UIM-UDS interactions for some of the plant proteins tested. This is very similar to many LIR-LDS interactions [44, 53, 72, 78] , but surprising relative to the lower-affinity binding often seen for UIM peptide interaction with ubiquitin with K D s in the high micromolar range (150-300 μM to even mM) [99] .
Of the 204 ATG8 interactors identified in yeast and Arabidopsis in this study, 20% bound to the UDS [97] . It will be interesting to see whether a similar percentage of human ATG8 interactors use the UIM-UDS interface. When human LC3A and GABARAP were tested against 28 human UIM candidates, six bound to either GABARAP or LC3A or both. Epsin-1,-2, -3 and Rabenosyn bound both ATG8s, whereas Ataxin-3 and Ataxin-3L interacted only with GABARAP, showing that only a subset of UIM containing proteins may bind ATG8 proteins [97] . As the consensus sequence derived in this initial study is rather broad and derived from only 17 UIMs in 14 proteins of which several proteins are closely related, it is too early to know if it will be of predictive value as such. UIMs are quite degenerate sequences of about 20 amino acids presented as an amphipathic α helix. Structural studies of UIM peptides bound to ATG8s at the UDS are needed to reveal the crucial interacting residues.
Another intriguing point that we note about the UDS is that it overlaps with the substrate interaction site of ATG4 as determined in the structure studies by Satoo et al. [100] . Also, we found recently that ATG4B interacts via a C-terminal LIR motif with ATG8 proteins too [25] . Hence, when binding to ATG8s, ATG4B may simultaneously block both the LDS and the UDS. ATG4B binds very strongly to GABARAP and has a role in stabilizing a pool of GABARAP to regulate autophagy this way [25] . When ATG4B is knocked out, GABARAP is degraded by the proteasome. We speculate that the UDS may then be recognized by RPN10 to act as a receptor for proteasomal degradation of GABARAP, even without the need for E3 ligase-mediated ubiquitination of GABARAP.
The results from Arabidopsis and yeast strongly suggest that the UIM-UDS interaction may be widely employed to dock autophagy adaptors and receptors to ATG8 proteins. The hunt will now surely be on to identify and characterize human proteins interacting with the UDS. These may also be found among proteins not identified as having UIM domains. 
LIR-Independent ATG8 Interactions: The Cardiolipin and Lamin B1 Interactions
The inner mitochondrial membrane lipid cardiolipin becomes externalized upon damaging mitochondria using rotenone, staurosporine, 6-hydroxydopamine and other pro-mitophagy stimuli in cortical neurons and SH-SY5Y cells. The surface exposed cardiolipin acts as an "eat me" signal for the damaged mitochondria recruiting LC3B through binding to the R10 and R11 residues in the N-terminal arm of LC3B. This recruitment is essential to mediate a PINK1/Parkin-independent mitophagy [101] . The lipid ceramide also binds to LC3B to mediate a type of mitophagy resulting in autophagic cell death. The binding is dependent on lipidation and on intact I35 and F52 residues of the LDS of LC3B [102] . Another interaction requiring R10 and R11 in the Nterminal arm of LC3B is the binding to Lamin B1 during nuclear exodus and autophagic degradation of Lamin B1 occuring upon induction of oncogeneinduced senescence as a tumor suppressive mechanism [103] .
Soluble SARs: p62/SQSTM1-like Receptors (SLRs)
The mammalian soluble SARs consists of the p62/ SQSTM1-like receptors (SLRs) [104] , the ferritinophagy receptor NCOA4 [105, 106] , the glycophagy receptor STBD1 [107] , the ribophagy receptor NUFIP1 [108] , and several TRIM family E3 ligases that also can act as autophagy receptors or mediators of selective autophagy [109, 110] (Fig. 5 ; Table 1 ). In yeast, Cue5, containing the ubiquitinbinding CUE domain, is known to act as a the only SAR for degradation of ubiquitinated protein aggregates, and it has been suggested that its putative mammalian homolog, Tollip, is also acting as a SAR [111] . Among the soluble SARs, the most studied are the SLRs, including p62, NBR1, NDP52, TAX1BP1 and OPTN. They were given the name by Vojo Deretic to emphasize that they can also be considered as a new class of innate immunity receptors in analogy to the pattern recognition receptors (PRRs); Toll-like receptors (TLRs), Nod-like receptors (NLRs), and RIG-I-like receptors (RLRs) [104] . The SLRs recognize cargo and recruit the core autophagy apparatus to the cargo to induce formation of mPAS structures and phagophores. They then attach themselves and their cargo firmly to the phagophore through LIR-mediated interactions with lipidated ATG8 proteins. OPTN is under normal conditions degraded by the proteasome, and activation of its LIR motif depends on phosphorylation of S177 by TBK1 [90] . The other SLRs are degraded by selective autophagy also when they are not bound to any cargo. In response to starvation, these SLRs, but not OPTN, are rapidly degraded by an autophagy pathway that does not depend on mTOR inhibition [112] . This occurs through an endosomal microautophagy pathway, but the exact mechanism is not known. The degradation depends on LIR motifs and lipidation of ATG8 family proteins, but the ULK1 complex and the VPS34 complex are not required/ involved [112] . The cargoes for SLR-mediated selective autophagy are highly diverse. For instance, p62 is involved in degradation of misfolded proteins, protein aggregates, damaged organelles, intracellular bacteria, viral capsids, and also specific signaling proteins or protein complexes ( Table 1 ). SLR cargoes are commonly ubiquitinated, and all SLRs have ubiquitin binding domains essential for cargo recognition (Fig. 5 ). However, cargo recognition by SLRs can also occur by direct interaction with a substrate, that is, p62 binding to KEAP1 [113, 114] , or to other "eat me" signals than ubiquitin decorating the substrate. Examples are galectins on vesicles containing intracellular bacteria [115] , damaged endosomes or lysosomes [116] , and NIPSNAPs on damaged mitochondria [117] . However, galectins are not simply passive tags as lysosomal damage, recognized by galectins, leads to association of galectin-8 with and inhibition of mTOR activity via the Ragulator-Rag GTPase signaling machinery [118] .
The most striking feature of p62 is its ability to polymerize. The N-terminal PB1 domain of p62 can self-interact via electrostatic interactions [119, 120] . The most important interaction is formed between K7 in one PB1 domain and D69 in another. Long polymeric chains can be formed by head-to-tail interactions. In vitro such polymerization of p62 results in the formation of flexible and helical filaments with a diameter of 15 nm [121] . When mixed with ubiquitin chains, polymerization of p62 leads to phase separation of p62 into globular structures referred to as condensates or droplets [122, 123] . These structures have previously most often been referred to as p62 bodies [124] . In cells, polymerization of the PB1 domain is essential for degradation of p62 by selective autophagy, and it is needed for the formation of p62 bodies [17, 18] . Mammalian p62 and NBR1 are evolutionary related [125] . They have a similar domain structure with an N-terminal PB1 domain followed by a ZZ type zinc finger and a C-terminal ubiquitin binding UBA domain (Fig. 5) [119] . They also have a LIR motif that is essential for their degradation by selective autophagy [18, 126] . In p62 this motif partially overlaps with a KEAP1 interacting KIR motif [113, 114] . NBR1 is twice the size of p62 and contains several domains that are absent in p62 including a coiled-coil domain responsible for NBR1 dimerization, an evolutionary conserved FW (four Trp) domain and an amphipathic helix located adjacent to the C-terminal UBA domain [125, 126] .
Most non-metazoan species have a single p62/ NBR1 orthologue that is more similar to NBR1 than to p62 [125] . Based on sequence similarity and conservation of domain architectures (e.g., FW domain) the Arabidopsis thaliana orthologue was named AtNbr1 [125] . However, it is important to keep in mind that the non-metazoan orthologues are neither p62 nor NBR1, but related to both these proteins both in sequence and function. Presumably, a gene duplication in the metazoan lineage initiated the evolution of current p62 and NBR1 in metazoans [125] . Some important functions of mammalian p62 are evolutionary conserved, and the most striking example is PB1-mediated polymerization. Nbr1 from A. thaliana is degraded by selective autophagy in a LIR-dependent manner. Similar to p62, AtNbr1 has an N-terminal PB1 domain that can polymerize, and this ability to polymerize is necessary for its degradation by autophagy [125] . More studies are needed to verify that the ability to polymerize is a general feature of non-metazoan p62/Nbr1 orthologues. What we know so far suggest that the presence of one p62/Nbr1 orthologue capable of polymerizing is an essential, evolutionary conserved feature in selective autophagy. Notably, insects and nematodes that have lost Nbr1 retain a polymeric p62.
The formation of p62 bodies depends on binding of the UBA domain of p62 to ubiquitin chains. This binding is regulated by phosphorylation. The unphosphorylated UBA domain of p62 has a low affinity for ubiquitin, but phosphorylation of S403 by TBK1 [89, 127] or S407 by ULK1 [128] strongly increases this affinity. In vitro, the phase separation of p62 with ubiquitin is increased by a phosphorylation-mimicking point mutation (S403E) [122] . It is not known if ubiquitin has to be covalently attached to any particular cargo to induce p62 body formation, but ubiquitination of p62 itself on K420 is shown to induce p62 body formation [129, 130] . Ubiquitin binding of p62 is inhibited by homodimerization of the UBA domain [131] , and the mechanism of K420 ubiquitination is to release the UBA domain from this inhibition. Peng et al. [130] found that accumulation of ubiquitinated cargoes mediated binding of p62 to the ubiquitin E2 ligases UBE2D2 and UBE2D3. They catalyzed mono-ubiquitination of p62 on Lys420. The E2 enzymes bound to residues 294-320 of p62 named E2-interacting region (EIR). Another important regulation of p62 is the phosphorylation of S349 to promote binding of the KIR motif in p62 to KEAP1 and recruitment of the associated E3 ligase Cullin-3 [132] . The recruited KEAP1/Cullin-3 complex promotes p62 body formation by ubiquitination of K420 [129] . The binding of p62 to KEAP1 also activates the NRF2 signaling pathway [113, 114] . Activation of NRF2 strongly induces transcription of p62 and this creates a positive feedback loop that contributes to the induction of p62 bodies [113] .
An important question is whether these p62ubiquitin condensates, or p62 bodies, directly act as platforms for assembly of phagophores, or whether they have to be sorted into smaller entities, potentially with a different structure, before they are degraded? p62 bodies formed in the nucleus are not degraded by selective autophagy, but these structures are strikingly similar to p62 bodies formed in the cytoplasm [133] . The degradation of cytoplasmic p62 bodies by selective autophagy may therefore be regulated, as seen for DALIS in dendritic cells, which may persist for several hours before their degradation is initiated [134] . It is essential to study the specific roles of recruited scaffold proteins like ALFY, huntingtin and WDR81 shown to facilitate both formation and degradation of p62 bodies by autophagy [133, [135] [136] [137] .
The Other SLRs
Similar to p62, NBR1 has a single LIR motif required for its own degradation by selective autophagy [126] . Degradation of NBR1 is not dependent on p62, but in response to stress, NBR1 binds to and co-localizes with p62 in p62 bodies [126] . The direct binding of NBR1 to p62 via their PB1 domains is required for this co-localization [119] . The number of NBR1 molecules in a cell is generally much lower than the number of p62 molecules [138] , and there is no evidence that NBR1 prevents polymerization of p62 in vivo. However, NBR1 binds to the basic surface of the PB1 domain in p62, and this binding blocks further polymerization of p62. It is therefore possible that NBR1 regulates the length of p62 polymers. In vitro, NBR1 does not form droplets in the absence of p62, but it is recruited into p62 droplets and stimulates the formation of condensates of p62 and ubiquitin [123] . There is also evidence that NBR1 may contribute to the formation of p62 bodies [126] . NBR1 plays an important role, together with p62, in several autophagy processes including aggrephagy [126] and pexophagy [139] . A feature that is unique for metazoan NBR1 orthologues is a membrane binding amphipathic helix located just N-terminal to the UBA domain [140] . When overexpressed in cells, NBR1 uses this domain to form vesicle clusters, and the contents of these clusters, including peroxisomes, are then degraded by selective autophagy [139] . The low endogenous level of NBR1 has limited studies of endogenous NBR1, but further studies are required to establish the importance of NBR1 membrane binding in selective autophagy.
The SLRs NDP52 and TAX1BP1 are evolutionary related [80] . These paralogues have a similar domain architecture with an N-terminal SKICH domain, a central coiled-coil region and C-terminal ubiquitin binding zinc fingers (UBZs; Fig. 5 ). Both proteins have an atypical C-LIR motif located between the SKICH domain and the coiled-coil region. It is reported that NDP52 has an additional LIR in its coiled-coil region (Y204-WETE) [141] , but a proposed LIR in the SKICH domain of NDP52 and TAX1BP1 is probably not accessible as it is buried in the structure [79] . Most studies on NDP52 have focused on its important roles in degradation of damaged mitochondria and intracellular bacteria. In response to mitochondria depolarization, activation of the PINK1-Parkin pathway triggers a ubiquitindependent recruitment of SLRs. The relative importance of SLRs may be context dependent, but several recent studies indicate an essential, yet redundant role for NDP52 and OPTN in this mitophagy pathway [142, 143] .
Intracellular bacteria are rapidly ubiquitinated in the cytoplasm, unless they have developed a strategy to avoid this. Then SLRs like OPTN, NDP52, p62 and TAX1BP1 are recruited and may have redundant roles [80, 90, 144, 145] . In contrast, the role of NDP52 in the degradation of Salmonellacontaining vacuoles (SCVs) is highly specific and does not involve ubiquitin. Instead, damaged SCVs transiently expose Galectin-3, -8, and -9 on their surface. NDP52 binds directly to Galectin-8 on damaged SCVs, and this induces their clearance by selective autophagy [115] . The atypical C-LIR motif in NDP52 binds preferentially to LC3C [79] , and NDP52 uses this motif to attach Galectin-8 positive SCVs to the phagophore. Less is known about the autophagy roles of TAX1BP1, but a recent study reported an early role for LAMTOR1/LAMTOR2 in recruiting TAX1BP1 to bacteria-containing endosomes [146] . Furthermore, in xenophagy of ubiquitinated bacteria, TAX1BP1 binds to Myosin VI, and this facilitates the fusion of the autophagosome with the lysosome [80] .
The SLR OPTN has important roles in mitophagy, xenophagy and aggrephagy. In all these processes, an essential step is the phosphorylation of its LIR motif (S177) and UBAN domain (S473) by TBK1 [90, 142, 147, 148] . This phosphorylation, following the recruitment of OPTN to a selected cargo, strongly increases its affinity for ATG8 proteins and polyubiquitin. Since all SLRs interact with ubiquitin, this means that they are often recruited to the same cargo. They may have both specific and redundant roles, but it is not well understood if and how the SLRs work together in selective autophagy processes. In xenophagy, linear ubiquitin formed by LUBAC (linear ubiquitin assembly complex) is responsible for a specific recruitment of OPTN and NEMO [149, 150] . NEMO then induces pro-inflammatory signaling, while OPTN participates in xenophagy. The recruitment of p62 and NDP52 does not depend on LUBAC, and these SLRs are presumably recruited by a different type ubiquitin chain. On ubiquitinated bacteria, SLRs accumulate on patches, and patches with p62 or NBR1 are separate from those containing NDP52 [151] , while NDP52 and OPTN are on the same microdomains [90] . This may reflect that SLRs have a different preference for ubiquitin linkages present on the bacteria and are therefore recruited to different patches on the bacteria. However, an alternative explanation is that p62 and NBR1 forms a similar type of condensate on the bacteria as when located in "free" p62 bodies, and that this excludes a colocalization with NDP52 or OPTN. It is not known if NDP52 or OPTN have LLPT properties needed to form condensates/droplets.
Other Soluble SARs
Several of the members of the TRIM family of E3 ligases, like TRIM5α (Fig. 5 ), fulfill criteria of acting as SARs. They engage cargo and bind to ATG8 family proteins to mediate autophagic degradation of the cargo. They also recruit members of the core autophagy apparatus [109, 110, 152, 153] . We therefore chose to discuss them in the section below on recruitment of the core autophagy machinery by SARs.
Iron is required in many cellular processes, but iron overload can be toxic due to ROS production. To balance the supply and demand for iron and avoid toxicity, ferritin is used as cytosolic iron storage complex. Ferritin is a cage-like protein complex made up of 24 light (FTL) and heavy (FTH1) chain subunits which surround a micelle of hydrated Fe(III) [154] . To release iron upon demand, nuclear receptor coactivator 4 (NCOA4) acts as a SAR for degradation of ferritin [105, 106] . The process is known as ferritinophagy. The level of NCOA4 protein and thereby also ferritinophagy is regulated by the intracellular iron concentration. In the presence of surplus iron the E3 ubiquitin ligase HERC2 binds to and ubiquitinates NCOA4 to induce its proteasomal degradation. NCOA4 is also degraded by basal autophagy. NCOA4 interacts with ATG8s but does not contain a canonical LIR motif. Ferritin and NCOA4 have also been shown to be degraded by an alternative autophagy pathway that requires FIP200,ATG9A, VPS34, and TAX1BP1 but not the ATG8 lipidation machinery. TAX1BP1 binds directly to NCOA4 to mediate autophagic degradation of ferritin both under basal and iron-depleted conditions [155] .
The selective autophagy of ribosomes, ribophagy, was first shown in yeast [156] . NUFIP1 (nuclear FMR1 interacting protein 1) was recently identified as a mammalian ribophagy receptor that binds both to ribosomes and ATG8 proteins [108] . NUFIP1 accumulates in lysosomes upon starvation and loss of NUFIP1 prevented the depletion of ribosomal proteins caused by nutrient deprivation or mTOR inhibition. It is not known what is the actual ligand on ribosomes that is recognized by NUFIP1 upon mTOR inhibition. It is also important to keep in mind that in mammals ribosomes also become degraded by a kind of bystander autophagy flux during mitophagy and lysophagy [157] .
Glycogen storage particles in the cytosol are degraded both by glycogen phosphorylase and by selective autophagic degradation in the lysosome called glycophagy. STBD1 (starch-binding domain 1) was identified as the glycopagy receptor. STBD1 binds to glycogen via a C-terminal glycan-binding domain and uses a LIR motif binding to GABARAPL1 to tether the glygogen cargo to the phagophore [107, 158] (Fig. 5 ) STBD1 has a Nterminal hydrophobic region that may independently mediate targeting to the phagophore. The specific role of glycophagy in various tissues in mammals is not yet clarified, although the assumption is that glycogenolysis and glycophagy work together in mobilizing glucose from cytosolic glycogen.
The degradation of nuclear lamina by autophagy upon oncogene-induced senescence, facilitated by Lamin B1 acting as a SAR, presents a special case of a nuclear cargo being degraded (Table 1 ) [103] . Likely, other nuclear SARs may be identified in the future. , and this creates a platform for phagophore nucleation. An essential step is the synthesis of PI(3)P on the phagophore. This induces a recruitment of further core autophagy proteins involved in phagophore nucleation and lipidation of ATG8 proteins. In selective autophagy (B), phagophore nucleation occurs from an mPAS formed in situ at the SAR-coated cargo, but as in bulk autophagy, the nucleation process depends on a recruitment of the ULK1/2 and PI3KC3 complexes, and several selective autophagy processes depend on a recruitment of TBK1. How the initial complexes are recruited may differ between selective autophagy pathways, but it can be by a direct binding to the SAR or via other proteins recruited to the selected cargo (e.g., TRIM family E3 ligases). Potentially, core autophagy proteins with a LIR motif can also be recruited via pre-existing vesicles containing lipidated GABARAP. During phagophore expansion, the assembly of core autophagy proteins to the rim of the growing phagophore is stabilized by LIR interactions with lipidated GABARAP (A and B). In selective autophagy (B), the formation of multiple LIR interactions between the SAR and ATG8s lipidated to the inner surface of the phagophore is essential for the docking of the cargo to the growing phagophore.
Docking of the Cargo to the Phagophore by SARs via LIR-ATG8 Interactions
The LIR motif in SARs is essential for the targeting of the cargo to the inner (concave) side of the phagophore [19, 20] . It is not known if LC3s are more used than GABARAPs as adaptors for SARs in selective autophagy, but several soluble or membrane-bound SARs can interact with LC3 family members [22, 86] . The strong co-localization of p62 with LC3B in autophagosomes reflects that LC3B is commonly used as a cargo adaptor for p62, and degradation of p62 depends on LC3B [17, 159, 160] . Another specific example is NDP52 that in xenophagy uses a highly specific interaction with LC3C for the docking of Galectin-8-positive SCVs to the phagophore [79] . Efficient docking of any type of cargo to a phagophore is believed to rely on multiple SAR-ATG8 interactions [161, 162] . Distinct from bulk autophagy (Fig. 6A) , the phagophore may then grow along the selected cargo ( Fig. 6B and Fig. 7) . Sasha Martens coined the term "exclusive autophagy" to Fig. 7 . Model of phagophore expansion along a p62-coated ubiquitinated cargo. At the rim of the phagophore growing out from the ER, core autophagy proteins assemble via LIR interactions with lipidated GABARAP or PI(3)P, or they are recruited by a direct binding to PI(3)P (e.g., WIPI2) or a direct interaction with p62 (e.g., FIP200). The docking of the phagophore to the cargo relies on a tight interaction between p62 and the cargo. This depends on polymerization of p62, enabling the formation of multiple interactions between the LIR motif in p62 and LC3B lipidated to the growing phagophore. This outcompetes other interactions, and other interacting core autophagy proteins like FIP200 is therefore not degraded in the process. The proteins and/or protein complexes in this cartoon are not drawn to scale. describe how tight binding of SARs to the cargo on the concave side of the growing phagophore excluded other components from being sequestered. For yeast Atg19, the need for multivalency in ATG8 interactions is solved by the presence of multiple LIR motifs in the SAR. For p62 with only a single LIR motif, this is achieved by polymerization of the protein [162] . For other SLRs, it is less understood how this is resolved. NDP52, TAX1BP1 and NBR1 all have additional LIR motifs that potentially may participate in the docking, and these proteins also form dimeric or oligomeric structures via their coiled-coil motifs.
Recruitment of the Core Autophagy Machinery by SARs
Selective autophagy depends on the docking of the cargo to the phagophore, but it also relies on recruitment of upstream autophagy proteins to initiate phagophore formation [20, 143, [163] [164] [165] . In PINK1/Parkin-induced mitophagy induced by CCCP treatment, FIP200 and ATG9 are independently recruited before LC3, and FIP200 and ATG9 are both necessary for phagophore formation [166] . LC3 is recruited even in the absence of phagophore formation, and while not needed for phagophore formation per se, LC3 is required for the docking of the growing phagophore to the mitochondria [166] . The initial step and how individual autophagy proteins are recruited may clearly differ between selective autophagy pathways, but several recent studies suggest that SLRs are directly involved in the recruitment of upstream autophagy proteins [165, 167, 168] (Fig. 6B ). NDP52 uses its SKICH domain to interact directly with FIP200, and this recruits the ULK complex to the cargo [165, 168] . The SKICH domain in NDP52 also binds to the TBK1 adaptors SINTBAD and NAP1 [164] , via a different surface of the domain [165] . The SKICH domain of TAX1BP1 similarly binds to FIP200 [165] and SINTBAD [164] . The interactions of NDP52 with FIP200-ULK1/2 and SINTBAD-TBK1 are both essential for xenophagy induced by NDP52, supporting the conclusion that the binding of NDP52 to these two kinase complexes is needed for phagophore nucleation [165] . Another recent study shows that p62 binds directly to the C-terminal Atg11 homology region of FIP200, and this recruits the ULK complex to induce phagophore formation in situ at the cargo [167] . A region in p62 encompassing amino acids 326-380 is sufficient for this interaction and defines the FIP200-interacting region (FIR). This region also contains the LIR and KIR motifs. The binding of p62 to LC3B or FIP200 is mutually exclusive [167] . Furthermore, the binding of p62 to FIP200 is negatively affected by a mutation of the LIR motif, while it is strongly induced by a phosphorylation-mimicking mutation of the KIR residue S349 [167] . Functionally, the FIP200 interaction is not needed for the recruitment of ULK1 to p62 bodies, but it is needed for the recruitment of ATG16L1. The FIP200 interaction also has a positive effect on degradation of p62 [167] . The use of the same region of p62 to interact with FIP200 and ATG8 proteins correlates with a model where autophagosomal degradation of upstream ATG proteins like FIP200 and the ULK complex is excluded by the stronger and polymeric binding of p62 to lipidated ATG8 proteins on the concave side of the phagophore [167] (Fig. 7) . In a similar way, yeast Atg19 initially uses its C-terminal LIR motif to interact with Atg5, but this interaction is later outcompeted by the stronger Atg19-Atg8 interaction [163] . Mammalian p62, NDP52 and OPTN also interact with ATG5 [163] , but it remains to be tested if these interactions overlap with the LIR-ATG8 interaction.
The scaffold protein ALFY (WDFY3) is an essential protein in p62-mediated selective autophagy that is recruited by p62 into p62 bodies and binds directly to PI3P, ATG5 and GABARAP [74, 169] . By recruiting the ATG5/12/16 complex, ALFY may induce in situ lipidation of ATG8 proteins and thereby initiate phagophore nucleation.
As noted above, many cytoplasmic organelle cargoes like mitochondria, peroxisomes and ER have specific membrane-bound SARs that are in most cases constitutively localized to the specific cargo (Table 1) . For in-depth discussion on membrane-bound SARs in mitophagy and ERphagy, see the reviews by Ganley and Wilkinson in this issue. There is so far little evidence to suggest that recruitment of upstream core autophagy proteins is a common feature among membrane-bound autophagy receptors [170] , but this needs to be tested for each individual autophagy receptor. All these receptors contain a LIR motif that is essential for their function as an autophagy receptor, and the LIR motif in membrane-bound receptors is believed to have the same function as the LIR motif in SLRs. FUNDC1 is an exception among the mitophagy receptors since it also binds to ULK1, and this is essential for mitophagy induction by FUNDC1 [171] . Another example is the ERphagy receptor CCPG1 that interacts both with ATG8 proteins and FIP200 [172] .
Several members of the TRIM family of E3 ligases are also recruited to autophagy substrates, and many of these interact not only with ATG8 proteins and p62, but also with the ULK1/2 and PI3KC3 complexes [82, 173] . By bringing together ULK1 and Beclin-1 into a single complex, they create a platform for the initiation of phagophore formation (Fig. 6B) . Several TRIMs are themselves SARs, as initially shown for TRIM5α that interacts with viral capsid proteins (cargo), ULK1, Beclin-1, p62 and ATG8 proteins [110] . TRIM5α-mediated degradation of HIV-1 p24 by selective autophagy depends on LIR-ATG8 interaction [110] . Other TRIM proteins recruiting ULK1 and Beclin1, and at the same time acting as SARs interacting with ATG8s, are TRIM20/ MEFV and TRIM21, involved in selective autophagy of inflammasome components (NLRP3, CASP1, NLRP1) and activated IRF3, respectively [109] . TRIM16 binds to and cooperates with Galectin-3 in recognizing endomembrane damage and mediating autophagy of damaged lysosomes by recruiting core autophagy regulators ATG16L1, ULK1, and Beclin-1. The cooperation between TRIM16 and Galectin-3 also protects cells from invasion by Mycobacterium tuberculosis [152] . TRIM17 has a dual role in promoting selective autophagy of midbodies while inhibiting other types of selective autophagy and bulk autophagy by stabilizing an inhibitory Mcl-1-Beclin-1 complex [153] . Similar to several other of the other TRIMs regulating selective autophagy, TRIM17 interacts with ATG8s and recruits ULK1-Beclin-1 complexes [110] .
Multiple interactions are formed both within and between the different core autophagy complexes. Any core autophagy protein that is recruited to the mPAS or a growing phagophore may therefore indirectly facilitate the recruitment of other core autophagy proteins. Later in the process, core autophagy proteins with a LIR motif may also be recruited to the growing phagophore via lipidated GABARAPs. SLRs and other SARs are also recruited to the expanding phagophore via lipidated ATG8s after the phagophore has been nucleated. NDP52 and OPTN were recently shown to be recruited this way creating an essential positive feedback loop. The positive feedback loop driven by ATG8-LIR interactions between SARs and phagophore amplifies the rate of autophagosome biogenesis [174] . The idea has also been proposed that before the phagophore is formed, SARs may interact with ATG8 proteins lipidated to preexisting vesicles (Fig. 6B ). By recruiting GABARAP containing vesicles, upstream autophagy proteins with a LIR motif (e.g., ULK1) may then interact and participate in phagophore nucleation [20] .
In mammalian cells, the location of a selected cargo that is engaged by SLRs or membranebound autophagy receptors in mitophagy and pexophagy, for instance, defines the organization of an mPAS (mammalian PAS). How the mPAS in selective autophagy relates to structures implicated in nonselective phagophore nucleation, including omegasomes and ER exit sites, is not well understood. This may of course depend on the cargo itself, and we need to know if omegasomes or ER exit sites are always contributing in the nucleation process. For large cargoes like Salmonella containing SCVs, multiple phagophores are simultaneously established, and multiple fusion events between these phagophores give rise to multiple membranes surrounding the SCV [90, 145, 151] .
Conclusions
LIR-mediated interactions with lipidated ATG8 proteins are involved in all major steps of the autophagy pathway. Core autophagy components use these interactions for scaffolding on the phagophore, and SARs use these to dock cargo to the phagophore. SARs may also use these interactions in a positive feedforward loop for recruitment to the expanding phagophore. The mammalian LC3 and GABARAP subfamilies of ATG8s serve some specific and some redundant roles in autophagy. There is a striking preference for GABARAP proteins in membrane-scaffolding of core autophagy components. A growing body of knowledge based on structure-function studies allows us to better understand how specificity is achieved in the LIR-LDS interaction between LC3 and GABARAP subfamily proteins. These recent data also emphasize the structural flexibility of the LIR-LDS interactions. Hence, there is still a way to go before we can make good predictions about subfamily preference and strength of interactions. Other interaction surfaces than the LIR-LDS have been discovered and their relative contributions are not known. It will be interesting to see how common the UIM-UDS interaction is in mammals. This complicates the picture as do interactions using only one of the two hydrophobic pockets of the LDS.
Progress is also being made on answering how phagophore nucleation and expansion occur in selective autophagy. Several of the soluble SARs and a few of the membrane-bound SARs have been shown to interact directly with components of the core autophagy machinery presumable allowing phagophore nucleation on the cargo. Do the SARs always mediate phagophore nucleation involving omegasomes at the ER? With big cargo it is likely that several phagophores are nucleated and may expand and fuse to surround the cargo. Clearly, the elucidation of mechanisms involved in SAR-mediated phagophore nucleation and expansion will be an important field of research in the near future.
